Abstract: The utilisation of plasmonic effects in metallic nanostructures is gaining importance for applications in molecular sensing. Of special interest is the local field enhancement effect, which enables surface-enhanced Raman scattering and significantly boosts the sensitivity of the Raman technique. For in vivo biological research, the ability to excite the resonance of localised surface plasmon-polaritons within the biological window is often desired. A new nanostructure called the nano-crescent is introduced and exhibits strong plasmonic activities within the biological window using a novel intra-particle plasmonic coupling scheme.
Introduction
We have observed significant progress in the research into surface plasmon-polaritons (SPPs) and their applications in molecular sensing lately. Recently, research has been focused on the utilisation of localised SPPs (LSPPs), which occur when optical waves interact with metallic nanoparticles [1] . Thanks to the spatial confinement provided by the subwavelength-scale dimensions of the nanoparticles, the incident optical wave can directly excite collective oscillations of free electrons and, in turn, the SPPs.
This LSPP is inherently a resonant process that depends on the wavelength and polarisation of the excitation wave, the geometry and electronic properties of the nanoparticles, and the dielectric properties of the medium. In addition to modifying the absorption and scattering spectra of the nanoparticles, the LSSP also results in the enhancement of the local fields around the nanoparticles (local field enhancement (LFE)).
One eminent application of the LSPP resonance is surface-enhanced Raman scattering (SERS), which utilises the LFE to enhance Raman sensitivity [2] . It is evident that a scheme that combines the label-free nature of the Raman technique with the nanometer-length scale of the nanoparticles will be useful for non-invasive, microscale molecular sensing applications.
Currently, the LSPP resonances are predominantly generated in spherical nanoparticles (nanospheres) of Au or Ag. Although easily fabricated, these exhibit LSPP resonance at spectral regimes that are considered less advantageous for many applications. The Mie theory predicts that nanospheres of Au and Ag exhibit LSPP resonances near 490 nm and 355 nm, respectively [3] . The ability to tune the LSPP resonance wavelength towards the near-infrared (NIR) regime provides a number of potential advantages. First, in the NIR regime, the electrons in metal exhibit more free electron-like behaviour which leads to less damping and a higher level of plasmonic activities [4] . Secondly, the NIR regime includes the biological window, a spectral regime in which both the absorption and scattering by biological substances are simultaneously minimised. The biological window spans approximately 700-1400 nm and is regarded as the essential spectral regime for in vivo research [5] . Beyond the biological window lies the telecommunication window (B1550 nm), within which the loss of the fused silica optical fibre is minimised. The NIR tunability of LSPP resonance will also facilitate the adoption of plasmonic devices in optical communication systems.
There have been many attempts to tune the LSPP resonance toward the NIR regime while a high level LFE is maintained. These goals have been achieved mainly by utilising the electromagnetic interactions between multiple LSPP resonances, or the plasmonic coupling effect. It has already been pointed out that LSPPs generate strong nearfields around the nanoparticles [6] . Depending on the geometry and size of the nanoparticles, the near-field of one LSPP can perturb the movement of distant electrons and affect the resonance characteristics of other LSPPs that can occur either within the same nanoparticle or in neighbouring nanoparticles. The original LSPP itself is subject to the influence of other LSPPs as well, and the resonance characteristics of a system of LSPPs as a whole are modified accordingly. For IR tuning, these interactions must be configured to induce a red-shift in the LSPP resonance. Depending on how the LSPPs and their interactions are configured, this approach can be divided into two categories: inter-particle and intra-particle plasmonic coupling schemes.
The former involves two or more nanoparticles and their electromagnetic interactions. In the case of a dimer, or a pair of nanoparticles placed in close proximity to each other, narrowing of the gap between them results in a redshift of the overall LSSP resonance peak [7] . Utilising this red-shift, Rechberger et al. and Su et al. have successfully tuned the LSPP resonances of paired nano-discs and nanoellipsoids to 870 nm [8] and 730 nm [9] , respectively. In a more recent experiment, the LFE within a gap between two nanoscale metallic triangles has been actually measured [10] . The two-photon excited photoluminescence technique has been adopted for direct measurement, and intensity enhancement 4 10 3 is observed at 830 nm. Two-dimensional arrays of metallic nanoparticles also play important roles. A SERS application of a two-dimensional nanoparticle array is reported by Felidj et al. [11] . At an excitation wavelength, of approximately 860 nm, a Raman enhancement factor of 2 Â 10 6 is observed. In this inter-particle coupling scheme, however, the maintaining of stable and predictable plasmonic couplings between nanoparticles requires the individual nanoparticles to be permanently fixed or patterned on a substrate, rendering the resultant structures unsuitable for the much desired in vivo applications.
The latter scheme overcomes the limitations by configuring electromagnetic interactions within, rather than between, nanostructures. In this scheme, the nanostructures can be freed from the requirements for alignment and/or encapsulation. Research efforts have been concentrated on the design of geometries that support multiple, electromagnetically distinct LSPPs and facilitate the interaction among them.
Naturally, the geometries for intra-particle plasmonic coupling schemes depart from the homogeneity and symmetry of the nanoparticles adopted in inter-particle coupling schemes. A number of intra-particle coupling schemes with different geometries have been reported so far. The utilisation of areas with large curvatures such as sharp corners is the most common technique for supporting multiple LSPPs within a single metallic nanostructure [12] . The shape and dimensions of the nanostructure determine the efficiency of the interactions. Martin gave a comprehensive explanation of this topic [3] .
The agreement between the observed and calculated spectral characteristics of LSPP resonances of threedimensional nano-prisms is also notable. The inner and outer surfaces of a closed metallic layer can also support electromagnetically distinct LSPPs [14] . Nano-shells [15] [16] [17] and nano-rings [18] exhibited a widely tunable resonance wavelength range from 700 to 1600 nm.
Metallic nano-crescent
As the brief survey indicated, the intra-particle plasmonic coupling provides an effective means for tuning the LSPP resonance toward the NIR regime while allowing the shape of nanoparticles to be suitable for in vivo applications. Sharp structures are also shown to exhibit a higher level of LFE owing to the accompanying lightning rod effect (LRE) and suit ultrasensitive SERS. For broader in vivo biological applications, it is logical to pursue a nanostructure possessing sharp structures and multiple, interacting LSPPs simultaneously.
Recently, the authors proposed and demonstrated a novel nanostructure that utilises intra-particle plasmonic coupling to achieve NIR tuning [19] . We named it the 'nano-crescent', as it resembles an axiosymmetric crescent moon, as illustrated in Fig. 1 . Structurally, it is a spherical cavity with an aperture. The sharpness of the aperture edge serves as a near-field amplifier, and its interaction with the inner cavity tunes the surface plasmon-polariton resonance wavelength of the whole structure.
In an SERS experiment, an Au nano-crescent with 150 nm inner-cavity radius exhibits an estimated LFE factor of over 23 dB under an excitation wavelength of 785 nm. The existence of LSPP resonance within the biological window is evident from the scattering spectra obtained by the probing of a single nano-crescent, shown in Fig. 2 . A dark-field microscopy set-up was utilised to obtain the scattering spectra. The orientation of the nano-crescent under test can be estimated from the relative brightness of the scattered light intensity [20] .
Structurally, it is a spherical nanocavity with an aperture. As explained in the following section, the edge of the aperture assumes the role of a sharp structure and interacts with the LSPP resonance of the spherical cavity. The nanocrescent structure is implemented by the rotational deposition of a thin Au layer on a sacrificial polymer nanosphere that will subsequently be dissolved (Fig. 3) . As the nanosphere shadows its bottom part during the deposition, its dissolution leaves an aperture. The tapering of the Au layer thickness renders the aperture edge very sharp. The TEM image in Fig. 3 indicates that the tip apex radius along the edge is sub-10 nm.
Numerical simulations of nano-crescents
The complex geometry of the nano-crescent structure complicates the elucidation of the physical mechanism that enables the NIR tuning. Given the dimensions of the structure and the resultant damping effect, the high level of LFE cannot be attributed solely to an LSPP resonance. Although the LRE certainly arises at the sharp edge, its quasi-static spectral characteristics preclude explanation of the excitation wavelength-dependence of the LFE factor.
To clarify the NIR tuning mechanism of the LFE by an Au nano-crescent, we performed numerical investigations. In our simulation model, the nano-crescent's cross-sectional geometry is defined by the difference of two eccentric circles. The aperture width is determined by their eccentricity. In accordance with the experiments, we set the radius of polystyrene beads at 150 nm. The tips are assumed to have an apex radius of 0.25 nm. The local fields are calculated by solution of two-dimensional Maxwell equations using the finite element method (FEM). We selected the FEM mainly owing to its wellestablished, fast algorithm and particularly to its ability to generate an adaptive computation grid, which is very useful for sharp structures. The Complex permittivity of bulk gold reported by Johnson and Christy was used [21] . Transverse magnetic input was assumed in all simulations. We validated the simulation process by reproducing the previously reported scattering spectra of several nanostructures. The simulation results indicate that, despite the nanocrescent's structural similarity to nano-shells or nano-rings that has been described, its plasmonic properties are governed by totally different mechanisms.
The simulated spectra of the nano-crescent's LFE, at three different incidence angles of excitation, are shown in Figs. 4a-c. In all three cases, the maximum LFE is localised at the tips. These computed LFE spectra exhibit qualitative agreement with the experimentally obtained LFE spectrum shown in Fig. 2 . We attribute the experimentally observed shift and broadening of the LFE peaks to structural imperfection, incidence angle inaccuracy and the use of the white light source rather than monochromatic lasers. As our aim is to elucidate the origin of the nano-crescent's high LFE in NIR, we did not attempt exactly to reproduce the experimental data by iterative modification of simulation parameters. Instead, we will identify parameters that enable such reproductions later in this work.
The computed LFE factor, approximately 10 3 at the maximum, agrees with the experimental value within a factor of three. The gradual shift and splitting of the peaks strongly suggest the existence of incident angle-sensitive mechanisms. Considering the dark-field set-up, it is logical for the spectrum from the 901 incidence angle to match best the experimental spectrum. It is noteworthy that, in simulations, the spoiling of the nano-crescent's cavity structure by removal of its right-half side results in a significantly lower LFE in simulations even thought the sharpness of the tips remains intact. Fig. 4 Spectra of maximum LFE with varying incidence angles a 01 incidence angle b 251 incidence angle c 901 incidence angle Cavity radius is 150 nm Changes in spectra indicate that plasmonic activity within nanocrescent structure strongly depends on incidence angle Based on all the observations, we propose to interpret the LFE of nano-crescents as the interaction between the tip and cavity plasmon modes mediated by its unique geometry. Figure 5 illustrates this concept schematically. Upon excitation by an incident optical wave, the paired tips of the nano-crescent undergo a plasmon resonance that will form a tip-to-tip interaction mode. The mode's charge distribution resembles that of an electric dipole. The sharpness of the tips results in a high-level amplification of field intensity through LRE and consequential excitation of the cavity resonance modes. The interaction characteristics of these two modes depend critically on their field patterns.
A further clarification of this concept requires detailed knowledge of both modes. As an analytical description of the electrical fields near tips that are paired at an angle is not available, we concentrated on the cavity modes. In Fig. 6 , we plot the relationship between the cylindrical cavity radius R and the excitation wavelength obtained by solving the modal characteristic equation [22] . The wavelengths for the peaks and valleys of the simulated LFE spectra are superimposed, and the radius R (150 nm) is highlighted. It is clear from the graph that the size of the nano-crescent requires the sole involvement of the lowest TM mode.
In Fig. 6 , the constructive interactions that result in LFE peaks are divided into two separate regimes, based on their relative position from the intrinsic cavity resonance wavelength. The first regime, comprising P 1 and P 2 , spectrally coincide with the intrinsic cavity resonance and thus can be regarded as the result of the coupling of the tip and cavity modes in which the two exchange energy resonantly and grow in intensity. This resonant coupling results in 3B6 dB LFE improvement over the LRE, which constitutes the wide pedestals across the spectrum in Figs. 4a-c . The second regime, comprising P 3 and P 4 , is signified by its spectral deviation from the cavity resonance. We interpret them as the hybrid modes arising from the strong perturbation by the tip LRE. The cavity's role is limited owing to the lack of an intrinsic resonance mode in this regime.
The simulated field patterns reveal further EM details of the hybrid modes. Figures 7a and b are the field patterns of hybrid modes at P 3 and P 4 , respectively. The field pattern of Fig. 7a is very similar to that of the l ¼ 1 TM cylindrical cavity mode in Fig. 6 , whereas the pattern of Fig. 7b does not exhibit similarity to any circular cavity mode. Nonetheless, the plots clearly show that the in-cavity field lines of the hybrid modes exhibit a high degree of symmetry that facilitates a balanced resonance across the paired tips and causes an additional LFE effect over the first regime.
The existence of a 'valley' across which the degree of the LFE reduces to that of a pure LRE indicates that the above-mentioned coupling or hybridisation is wavelengthdependent, i.e. resonant interactions may not occur when the paired tip and cavity modes fail to establish a constructive overlap. Regarding the field pattern, the lack of resonant interaction manifests itself as the asymmetric and irregular field lines and low LFE strength in the cavity. Incident field is polarised in y-axis and propagating along the +x-direction Note that arrow length is not scaled with field amplitude Figure 7c is one such example. It is clear that, in this interim regime, the paired tip mode is dominant but not strong enough to form a hybrid mode by itself. A number of previous reports can be cited in support of this interpretation. With regard to apertured, metallic, spherical cavities, Coyle et al. have already demonstrated the existence of plasmon resonance modes confined by such a structure [23] . The modes feature strong, omni-directional coupling to incident waves and robust resonance even in the presence of the perturbation from the aperture, which corroborate our experimental and numerical observations. The details of the EM field near the aperture edge, however, were not investigated. The reports on optical bow-tie antennae also confirm the feasibility of using a pair of metallic tips for efficient optical energy transmission [24] . The dominance of electric field components in the near-field regime has been unanimously suggested as the main advantage of the paired-tip geometry.
In terms of the plasmonic coupling mechanism, our nano-crescent falls in the category of an intra-particle coupling scheme. Unlike the nano-rings or nano-shells, which utilise the coupling between multiple LSPP modes originating from similarly shaped geometries, the nanocrescent couples two totally different LSPP modes. As the LSPP resonance involves sharp edges capable of generating LRE, the nano-crescent is able to achieve both IR tuning and a high level of LFE simultaneously. In addition, this new intra-particle coupling mechanism will be useful for the analysis and synthesis of monolithically integrated plasmonic functionalities, in addition to its original purpose of enabling local LFE in an NIR regime in an isolated nanostructure with fabricationally benign dimensions.
Conclusions
As we have noticed from the brief survey of the methods to tune the resonance of localised surface plasmon-polaritons, the intra-particle plasmonic coupling scheme, which achieves the spectral tuning using stand-alone, mobile nanostructures, is more attractive for in vivo applications. As a special example of the intra-particle plasmonic coupling scheme, we introduced nano-crescents in which the plasmonic coupling between two dissimilarly localised surface plasmon-polariton resonances is utilised to induce B23 dB enhancement in local-field amplitude in the NIR regime. The basic mechanism of the coupling is elucidated with numerical simulations.
We expect that our nano-crescents will be most useful for the detection of biomolecules from cells. Unlike conventional fluorescence techniques, Raman spectroscopy acquires the fingerprint signals of the analytes without labelling them with fluorophores. Imaging of living cells based on Raman detection can non-destructively probe intracellular biochemistry without prior fluorescent or radioactive labelling. The only hindrance so far has been the extremely low efficiency of Raman scattering. Surface plasmon-polaritons have been utilised to enhance the Raman signals but relied on the combination of two or more nanostructures, which is difficult to be adopted for the study of living cells. By combining the field-enhancing structure (the aperture edge) and the resonance-tuning mechanism, the nano-crescents will boost the use of Raman imaging for in vivo cellular studies and contribute to systems biology. Given the high level of plasmonic activity in the nano-crescents, their utilisation as photothermal agents for drug delivery [25, 26] or thermotherapy [27] can also be considered seriously.
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